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ABSTRACT: A study was conducted to determine
the effect of dietary supplementation of n-3 fatty acids
(03FA) with or without elevated concentrations of pro-
tein on the performance of sows during the first and the
subsequent parity. Sixty-four pregnant guts with BW of
195.0 ± 2.1 kg and backfat (BF) thickness of 12.9 ± 0.2
mm were assigned to 4 dietary treatments froni d 60 of
gestation (late gestation) to d 21 of lactation. Dietary
treatments were 1) a control diet; 2) a high-protein diet
(HP); 3) the control diet. + 0.2% 03FA (03); and 4)
the HP diet + 0.2% 03FA (HP03). For the control and
03 treatments, CP contents were 12.3% for late gesta-
tion and 17.9% for lactation, and for the HP and HP03
treatments, CP contents were 18.4% for late gestation
and 19.5% for lactation. On d 60 and 110 of gestation
and after farrowing (within 12 h postfarrowing), on d
10 and 21 of lactation, BW, BF thickness, and blood
samples were obtained. The total number of piglets and
the number of piglets horn alive and their birth weights
were measured within 12 Ii postfarrowing. Colostrurni
and milk samples were obtained on d 2 and 21 of lacta-
tion, respectively. All piglets were wearied at 21 d. The
wean-to-estrus interval and ADFI were recorded. The
same measurements were obtained froni the control and

03 groups during the subsequent parit y. Dietary treat-
merit (lid not affect BW, BF thickness, ADFI, and the
wean-to-estrus interval of sows during their first repro-
ductive cycle. Supplementation of 03FA increased both
eicosapentaenoic acid and docosahexaerioic acid con-
tents (P < 0.05) in colostrurn and mature milk. First-
parity litter size and piglet birth weight did not differ
among treatment groups. Piglet BW was greater (P <
0.05) for the 03 group compared with botll the control
and HP03 groups at d 10 and 21 of lactation. The
same pattern was also noted for overall piglet BW gain.
Both piglet and litter characteristics of the HP group
did not differ from those of other groups throughout
lactation. During the subsequent parity, both total and
live piglet birth weights tended (P < 0.07) to he greater
for the 03 group than for the control group. Compared
with the control group, piglet BW and BW gain in
the 03 group showed a pattern similar to the previous
parity. Results indicated that 03FA alone during lac-
tation improved the growth of nursing piglets. regard-
less of parity. However, the 03FA diet, with or without
elevated protein, did not affect first-parity gestation
performance, although 03FA alone may have improved
piglet birth weight in the subsequent litter.
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INTRODUCTION

Nutritional strategies to improve the reproductive
performance of sows commonly involve dietary manipu-
lation. Alpha-ljnolenic acid and linoleic acid are mem-
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hers of the ri-6 and n-3 (03FA) family of fatty acids,
respectively, and are considered essential dietary nutri-
ents. These fatty acids are metabolically and function-
ally distinct and are not interchangeable (Simopoulos,
1991). Furthermore both are also important constitu-
ents of cell membranes in various tissues (Crawford.
2000; Muskiet et al., 2004). making them critical corn-
ponent.s (luring rapid tissue formation (Innis, 1991;
Hornstra, 2000). These fatty acids are the precursors
for the synthesis of different types of eicosauoids, such
as Prostaglandins, thronihoxaries, and leukotrienes, all
of which play important roles in the regulation of both
immune and reproductive functions (McCowen and
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Bistriall, 2003: Muskiet et al., 2004). Although studies
lave been limited, dietary supplementation of fish oil

jji a i linial diets has the potential to improve the repro-
ductive performance of sows (Rooke et al.. 1998. 2000).
Typical grain-based sow diets contain low amounts of
03FA. which may lead to decreased piglet survival at

birth (Rooke et al., 2000) and possible overreaction of
the piglet immune system (Turek et al. 1996).

The protein requirements of sows have been shown
to he much greater than those suggested by the NRC
(1998). especially during late gestation (Ji, 2004) be-
cause of increased nutrient needs for both fetal growth
(McPherson et al., 2004) and maininary gland growth
Pi et al, 2006), and during lactation because of in-
creased nutrient needs for milk procluctioii and maIn-
mary gland growth (Kim et. al., 2005). Thus, providing
appropriate protein concentrations (luring these peri-
ods may prevent unnecessary catabolism of body nil-
trieut stores or the possibility of repartitioning 03FA
supplemented in the diet. This study was conducted to
determine the impact of dietary 03FA. with or without
elevated protein concentrations, during late gestation
and throughout lactation on the performance of sows
and their litters during the first parity and the effects
of 03FA on the subsequent parity.

MATERIALS AND METHODS

The study was approved by the Texas Tech Univer-
sity Animal Care and Use Committee.

Animals, Design, and Diets

The 03FA source used in the study was Groniega
(JBS United. Sheridan, IN), which contained 205o 03FA
in an encapsulated protected form, with 80% ground
wheat as a carrier. A total of 64 pregnant gilts (Cain-
borough 22, Pig Improvement Co., Franklyn, KY) with
an average BW of 195.0 + 2.1 kg and a backfat (BF)
thickness of 2.9 + 0.2 mm were used in this study. They
were housed iii individual gestation crates (2.2 x 0.6 in)
and checked for estrus once daily in the morning and
bred twice via Al. The second Al followed the first in-
senunation within 24 Ii. Semen was obtained from PIG
356 boars at the Texas Tech University Research Farm.
At 60 d of gestation, pregnant guts were grouped based
on BW and randoml y allotted, within BW groups. to 4
dietary treatments. The 4 dietary treatments were 1) a
corn- and soybean meal-based control diet.: 2) a high-
protein diet (HP): 3) the control diet + 0.2% 03FA
provided by 1% Gromnega (03): antI 4) the HP diet
+ 0.2% 03FA provided by 1% Gromega (HP03). All
gestation diets were formulated to contain 3.1 Mcal of
ME/kg. The control and 03 diets contained 12.3% CP,
whereas the HP anti HP03 diets contained 18.47o CP
(Table 1). The HP and 11P03 diets were formulated to
contain CP concentrations and AA ratios relative to

Lys, as suggested by Ji (2004) and Kim et. al. (200
by using crystalline AA. Pregnant gilts on gest.atiuii
diets were fed 2 kg daily in 2 separate meals (0700 an I
1800 Ii).

Pregnant guts had free access to water via individual
nipple drinkers throughout the entire study. Maternal
Mk'and BF thickness were measured on d 60 and 110
of gestation. Backfa.t thickness was nieasiired by ultra-
sound (LS-1000. Tokimnee Inc., Tokyo, Japan) at the P2
position (left, side of the 10th rib and 6 cmii away from
the spine). On d 60 and 110 of gestation, blood samples
(7 niL) were collected 2 Ii after feeding via jugular veni-
puncture using heparinized tubes (Vacul amer Lithium
lleparin Plus Tubes, BD. Franklin Lakes, NJ). Samples
were centrifuged at 2,000 x g at 4°C for 15 nun. Plasma
was separated and transferred by transfer pipettes into
1.5-mL niicrocentrifuge tubes (National Scientific. San
Rafael, CA) and stored at -20C C until further analysis.
At 110 d of gestation, all pregimant guts were trans-
ferred to indivi Inn1 farrowing crates (1.5 x 2.2 m). To-
tal and live piglets horn per litter, as well as individual
birth weights of piglets. and the BW and BF thickness
of sows were measured within 21 h postfarrowing.

\Vlien sows with a litter size of less than 7 were ex-
cluded. the remaining 49 first-parity sows (197.7 + 2.5

kg of BW and 14.87 + 0.21 mm of BF) were fed the
experimental diets based on their original assignment
during the 21-d lactation period. The nunibers of sows
excluded because of small litter size were 1. 4, 4, and 6
for the control, HP. 03, and HP03 group, respectively.
Within treatnient, groups j litter size was equalized to a
mininmumn of 10 by cross-fostering when needed within
24 Ii postfarrowing. During lactation, all diets contained
3.2 Meal of ME/kg. The control and 03 diets contained
17.9% CP, whereas the HP and HPOJ diets contained
19.5% CP (Table 2). The HP and HP03diets were for-
mulated to contain CP concentrations and AA ratios
relative to L ys, as suggested by Ji (2001) and Kim et
al. (2005), by using cr ystalline AA. Lactating sows had
bee access to feed and water dun ig I he ent.ime lactation
period. Water wa.s provided via individual nipple drink-
ers accessible to the sow and the litter. Time amount of
feed consumed was measured daily.

The farrowing rooill temperature was maintained at
25°C, with supplemental heat for piglets provided by
portable heat lamps. Piglets were not provided with
creep feed or milk replacer during the entire 21-d lac-
tation period. Body weight and BF thickness of sows,
as well as individual piglet B\V, were measured at d
10 and 21 of lactation. Blood samples from sows were
obtained at. d 10 and 21 of lactation. Procedures for
collecting, handling, and processing hlootl samples were
identical to those completed during the gestation pe-
riod. On d 2 and 20 of lactation. milk samples were
collected. To collect milk samples. piglets were tempo-
rarily separated from time sow, the udder was cleaned
with a warni towel, and a. single close of oxytocin (20
US Pharnmacopeia. units. Phoenix Pharmaceuticals Inc.
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Table 1. Composition of gestation diets (as-fed basis)

Gestation ml'

Control	 03	 111)	 II P03

Itigicil ii'iit
(oil
Soy bean meal, 44% CP
Alfalfa Inca]. 17% CP
Molasses cane
Lipid 
Groniega'
L-Arg
L-LysHCI
L-Tbr
Potassium chloride
Sodium chloride
\itaniin-mineral mix4
Diealcinin phosphate
Limestone
Total

Chemical composition
DM. %
ME. kcal/kg
CP. %
Ca, %
Available P. 'A
Total P. W.
Digestible Lys, %
Digestible Thr,
Digestible Trp,
Digestible Arg, 91
Digestible Val. 91

73.70
11.00
5.00
5.00
0.50

0.25
0.35
1.50
2.20
0.50

100.00

89.1
3,100

12.3
0.94
0.47
0.69
0.51
0.39
0.11
(1.62
0.49

72.90
11.00
5.00
5.00
0.30
1.00

0.25
0.35
1.50
2.20
1)50

100.00

89.1
3.100

12.3
0.94
0.17
0.69
0.50
0.39
0,11
0.62
0.48

5,S. 72
25.70

5.00
5.00
0.50

0.021
0.215
0.161
0.25
0.35
1.51)
2.05
0.53

100.00

89.2
:3,1(1(1

18.4
0.94
0.47
0.72
1.07
0.76
0.20
1.05
(1.71

57.92
25.70

5.00
5.00
0.30
1.00
0.021
0.215
(1.161
0.25
0.35
1.50
2.05
(1.53

100.00

89.2
3.100

18.1
0.94
0.47
0.72
1.07
(1.76
0.19
1.05
0.71

'Gestation diets were provided at 2 kg dail y in 2 separate meals (0700 and 1800 h) Control = Corn- ,lid
soybean meal-based control diet.: 03 = control diet snppleniented with 0.291 n-3 fatt y acids (03FA) provided
by 1% Gromnega (.JBS United. Sheridan. IN) at the expense of 0.2% oil and 0.8% corn: HP = high-protci,i
diet that contained CP concentrations and AA ratios relative to Lys, as sug gested by Ji (2004) and Kim et al.
(2005). by using crystalline AA (Ajinomoto Co. Inc. Tokyo, Japan); HP03 -' HP (lid supplemented with 0.2%
03FA provided by 1% Groniega (JBS United) at the expense of 0.2% oil and 0.8% Corn.

2A nixt.ure of animal fat and restaurant grease.
'Groinega = a marine source of 03FA supplied by HIS United.
'The vitannn premix provileil the following per kilogram of complete diet: 46.7 mug of manganese as man-

g,,imoi,s oxide: 75 utg of iron as FeSO 4 ; 103.8 ing of zinc as 7,,i3O: 9.5 mg of copper as copper sulfate: 0.72 Ing of
iodide as etliylenediannne (fil l vdroiodhle; 0.23 lug of selenium as Na2SeO.,: 7.556 IU of vitamin A as vitamin A
acetate: 825 IC of vitamin D2 ; 61.9 IU of vitamin E: 4.4 IU of vitamin K as menadione sodium bisulfat,': 54.9
pg of vitamni,, B,; 13.7 ing of riboflavin; 43.9 nig of D-pantot.hicnic acid as calcium pa.ntothenate: 54.9 ing of
niacin; and 1,650 nig of choline as choline chloride.

St. Joseph, MO) was administered intramuscularly to
facilitate milk secretion. Samples (12 to 15 mL) were
collected manually from all functional teats into 15-mL
polypropylene conical tubes and were stored at -20°C
until further analysis. All piglets were weaned at 21
d, after which sows were returned to gestation stalls.
Wean-to-estrus interval was recorded.

All sows that returned to heat, were bred according
to the procedures used during the first parity. Sows in
the control and 03 groups were identified and fed their
original gestation diets beginning at d 60 of gestation to
determine the effects of 03FA supplementation oil

 sow performance. One sow ill 03 group
was not successfully bred and was removed. Twenty-
five sows were used clueing the second parity (214.3 +
2.9 kg of 13W and 13.67 + 0.17 mm of BF). Variables

measured, sampling, arid all other management proce-
dures during the second parity were identical to those
completed during the first parity.

Chemical Analyses

All chemicals were obtained from Sigma Chemical
Company (St. Louis. MO). Plasma samples were ana-
lyzed for urea concentrations by using a colorimctric
method involving reaction with phenol and hypochlo-
rite as described previously by Wu and Knabe (1994).
Colostrum and milk were analyzed for fat content by
using the Babcock method (AOAC, 1995), for protein
(N x 6.38) by using an automated N analyzer (Leco
FP-2000. Leco Corp., St. Joseph, MI), and for total
milk solids (AOAC. 1995). Fatty acid composition in

I
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Table 2. Composition of lactation diets (as-fed basis)

LI(t at iou diet

am
	

Control	 03	 lip	 I I P03

I ngrc' IieIt,
Corn
Soybean meal. 44% CP

Lipid2
(ironiega
L,-Val
L- Lvs'HCI
i'rIir
Potassium Chloride
Sodiun, chloride
Vitainju-nuneral flux
Die ilciuni pl5i)h1lte
Limestone
Total

Chemical  ('01 tiposit (Ott
PM. %
ME. kcal/kg
CP. V
Ca. V
Available P. ¼
Total P. 3
Digestible LvsH(
Digestible Thr. ¼
Digestible lrp. V
Digestible Arg. V
Digestible Val. ¼

	00.75	 05.95	 62.28
	

(11.48

	

26.00	 26.00	 30.00
	

:30.0(1

	

1.30	 1.10	 1.20
	

1.00)

-	 1.00
	

1.11(1

	

(1.20
	

(1.20

	

0.30
	

((30

	

(1.12
	

(1.12

	

0.25
	

025
	

(325
	

0.25

	

0.35
	

0.35
	

0:15
	

0.35

	

3.00
	

3.1(0
	

:1.0(1
	

:3.00

	

1.55
	

1.55
	

1.50
	

1.50

	

0.80
	

(1.8(1
	

0.8(1
	

0.80

	

100.00
	

100.00
	

100.00
	

1(1)00

	

90(1
	

90.0
	

90.1
	

90.1

3.200
	

:3.200
	

3.200
	

1.20(1

	

17.9
	

17.9
	

19.5
	

19.5

	

0.80
	

((.8(1
	

((So
	

((.8(1

	

0.37
	

0:17
	

0.37
	

0.37

	

0.63
	

0.63
	

((((4
	

0.01

	

0.91
	

0.91
	

1.25
	

1.25

	

0.01
	

0.01
	

0.78
	

0.78

	

0.20
	

(1.20
	

0.22
	

(1.22

	

1.04
	

1(11
	

1.15
	

1.15

	

0.72
	

0.72
	

0.98
	

0.97

Lactation diets won' fed ad libitum throughout the lactation period. Control 	 corn- mid soybean 111cal-

1 etsed control diet: 03 = coiitrol diet stippleniemited with 0.2% n-3 fatt y acids (03FA) provided by 1% Groi tcga

(J 135 United. Sheridan. IN) at the expense of 0.2% oil anti 0.8/c corn: HP = hi igli-protent diet that contained
CP concentrations and AA ratios relative to lysine. its suggested by Ji (2(1(14) and Kit, et al. (2005). b y 115,1kg

crystalline AA: HP03 = HP diet supplemented with 0.2%- 03FA provnled Ia , 1% C rot ,a'ga (.11 IS Unite(j) at

the expense of (( . 2/c oil and 0.8% corn.
2A mixture of anitnal fat and restaurant grease.
''Groiiicga = a marine 50111cc of 03FA siip1tlied by JBS United.
'The vitamin premix provided the following per kilogram of complete d,'t : 10.7 ing of lltitgallesu' 05 luau-

gallons oxide: 75 lug of iron aS FeSO I: 103.8 ii ig of zinc as Z110: 9.5 ncg of copper as (01 )per sulfa) e: 0.72 tug of
iodide as et hylemiecliannite dihvdroiodicle: (1.23 mug of selenium as N,,Se( ):: 7,550 It of vit cunitu A as vitanon A
acetate: 525 ID of vitatnn I)i	 : 61.9 ID of vitatiti, , F: 4.4 IU of vii 0mm K as iuemiculiottr' sodiumhisulfat,': 54.9
I cg of vit amitu B : 13.7 ing of riboflavin: -13.9 tug of o-pautotheine ncid as calcium pattothenote: 511) ing of
niacin: and 1.650 iug of cl,oline as choline chloride.

the colostrum and milk was analyzed by gas chroma-
tography as (lescribeci by Smith et al. (2002).

Statistical Analysis

Data were analyzed using the MIXED procedure (SAS
Inst.. Inc.. Car, NC) following a randomized complete
block desi gn. Sow was considered as time experimental
unit. Data for the number of piglets born dead were an-
alyzed by using the Friedman test. as described by SAS.
For second-parity piglet and litter performance data.
initial piglet BW and litter weight. respectively, were
included as covariates. Separation of means was clone
by using the PDIFF option of SAS. Probability values
less than 0.05 were considered significant: values less
than 0.10 were indicative of a trend; and values equal
to or greater than 0.10 were considered nonsignificant.

RESULTS

Gestation Performance

Performance of pregnant guts during the first parity
is presented in Table 3. Maternal BW and BF thickness
did not differ among treatments on d 60 and 110 of ges-
tation (Table 3). No significant differences were noted
among treatments with respect to the tot-al number of
piglets born, piglets born alive, or piglets born (lead
(Table 3). Similarly, piglet birth weight-s, whether based
on the nmiinhei' born live or the total number born, did
not differ among treatment groups. Further, variation
in birt Ii weights within a litter, based on eithereither total
number born or number born alive, also showed no dif-
ference among treatment- groups (Table 3).

Performance of pregnant sows during the second par-
ity is shown in Table 4. Matet'mial BW and BF thickness
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Table 3. Gestation performance of pregnant guts fed n-3 fatty acids (03FA) or a high-
protein diet, individually or in combination, during late gestation

1 rent U ic'iit1

Item	 Control	 03	 HP
	

FIPO3
	

S FM
	

I'-vchic

n
BW at 60 ci. kg
BW at (1110, kg
Backf'at thickness at (160. 2  nm
Backfat thickness at (1 11().2 nun
Total born, it
Total born alive, 11

Avg. birth wt,' kg
Avg. litter birth wt.' kg
Born c1eac1, it
Within litter birth wt variation kg

13
195.7
218.3

12.7
14.8
11.14
10.39

1.54
15.59
0.77
0.2 15

1 8

197.1
221.9

12.7
15.1
11.74
11.14

1.56
16.89
0.61
0.242

15
195.3
221.0

13.3
15.7
11.25
10.29
1.56

15.93
1.06
0.245

18
195.7
224.8

13.1
15.4
11.66
10.48
1.47

15.02
1.22
0.256

2.1
	

(1.473
2.0
	

(1.321
(1.2
	

0.418
0.2
	

11.242
0.27
	

0.806
0.26
	

0.618
0.02
	

0.51)4
(1.42
	

0.41))
(1.580

0.1)1(1
	

0.595

Gestation diets were fed at 2 kg/cl in 2 separate meals (0700 and 180)) h). Control = group h'd a corn- and
soybean iiieal-based control diet: 03 = group fed time control diet siippliiimeiited with 0.27, 03FA (Groinc'ga.
JBS United, Sheridan, IN): HP = group fed the high-protein diet: HP03 = group fed the HP diet supple-
mented with 0.2% 03FA (Groniega, .JBS United).

213ackfat thickness was nmeasured at the P2 position (left side of the 1001 rib and 6 cut 	 from the
spine).

' 1Average piglet birth weight based on total number of piglets born alive.
Average litter birth weight based oil number of piglets horn alive.

'Data anal yzed by using the Friedman test (SAS Inst., Inc.. Car y, NC).
"SD of piglet. birth weight per litter based on total piglets born alive.

(lid not differ between the control and 03 groups on d
60 and 110 of gestation (Table 4). No differences in total
piglets born, piglets born alive, and piglets born (lead
were rioted among treatment groups. However, piglet
birth weight based on both total piglets horn (1.54 vs.
1.65 kg; P < 0.06) and piglets born alive (1.55 vs. 1.67
kg; P < 0.07) tended to be greater in piglets of sows fed
the 03 diets compared with those of sows fed the con-
trol (bet. In contrast, litter weight based on either total
piglets born or piglets born alive did riot differ among

treatments. Variation in birth weights within a litter,
based on either total piglets born or piglets born alive
showed no difference among treatment groups.

Lactation Performance

Lactation performance of first-parity sows is pre-
sented in Table 5. Neither BW nor BF thickness dif-
fered among treatment groups immediately after far-
rowing, at d 10 and 21 of lactation. The ADFI and

Table 4. Gestation performance of second-parity sows fed (bets supplemented with n-3
fatty acids (03FA) or without 03FA

Treatment'

Control	 03	 S]\ I	 I'-va)uc'

n
BW at 60 (1. kg
BW at ci 110. kg
Backfat thickness at d 60.2
Backfat thickness at ci 11 (),2

Total horn. it
Total horn alive, it
Avg. birth wt, 3 kg
Avg. litter birth wt,' kg
Born des cI .' it
Within litter birth Wt variation. kg

12
214.5
241.5

13.8
15.8
11.2
10.8

1.55
16.66
0.58
0.277

13
214.0
243.2

13.5
16.1
11.1
10.8

1.67
17.86

(1.42
0.239

2.9
	

(1.868
2.8
	

11.650
1(2
	

0:311
0.2
	

0.18(1
(1.3
	

0.943
0.3
	

0.991
0.03
	

0.065
0.4(1
	

((.159
0.61(9

0.014
	

0.195

'Gestation diets were fed at 2 kg/d in 2 separate meals (0700 and 180)) h). Control = group fed a corn- and
soybean meal-based control diet: 03 = group fed the control diet supplemented with 0,2% 03F\ (Gronmega.
JBS United. Sheridan, IN).

2Bac'kfat thickness was measured at the P2 position (left side of the 10th rib and ti (-inawa y front
spine).

'Average piglet, birth weight based oil 	 number of piglets horn alive.
'Average litter birth weight based on total number of piglets horn alive.

5Data analyzed using the F'm'ieclnman test (SAS Inst. lime., Carv. NC).
"SD of piglet birth weight per litter based on total piglets born alive.
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Table 5. Lactation performance of first-parity sows fed ii-3 fatty acids (03FA) or a
high-protein diet, individually or in combination. (hiring late get at ion and throughout
lactation

Item

I reatnieiit

Control	 03	 111, HP03	 SE\l	 P-value

n
SOW B\V loss. kg
Sow BF loss, turn
Sow ADFI. kg
Return to estrus, (I
Litter size after cross-fostering. n
Litter mortalit y, %
Piglet MV, kg
0 d
10 d
2111

Piglet OW gain, kg
0 to 10 (1
10 to 21 3
Overall

Litter wt. kg
0 3
10d
21 d

Litter wt gain. kg
0 to 10 d
10 to 21 3
Overall

"'Within a row, rxleans lacking a corninoli superscript, litter differ (P K 0(15).

'Lactation diets were fed ad lihititni. Control = group 1(11 i (oin- ci iii soybean iIte,-d-I)ilSed ('ontrc,l , act: 03
= group fed the control diet s,ipph'inented with 0.2% 03FA (Gronicga lBS United. Sheridan, TN). lIP =
group fed the high-protein diet: 11P03 = group fed the HP diet supplemented with 0.2% 03FA (Grornega.
lBS United).

12
	

11
	

12

14.2
	

(3.5
	

10.1
	

13)
	

(1.861

2.8
	

3.2
	

3.0
	

:3.1)
	

(1.3
	

0.969

5.7
	

5.5
	

5.9	 .5.7
	

0.1
	

(3.561)

4.8	 .1.6
	

4.8
	

4.7
	

0.1
	

((.863

11.3
	

11.1
	

11.0
	

1.3
	

(3.4
	

0.181

8.4
	

10.9
	

7.4
	

8.1
	

2.6
	

0.751

1.45
	

1.51
	

1.57
	

1.41
	

0.0:3
	

0.2.11

3.01"
	

3.50"
	

3.37"
	

:3.17'
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0.06:3
3745	 bob	 11.6"
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((.017

wean-to-estrus interval did not differ among treatment
groups. Litter niortality did not. differ amongtreatment
groups. Initial piglet BW did not differ among treat-
ment groups. At d 10 of lactation, BW of piglets from
sows fed the 03 diets were greater (3.50 kg; P < 0.05)
than those of both the control (3.04 kg) and HP03
(3.17 kg) groups. However, piglet BW between the 03
and HP groups did not differ, nor did piglet BW differ
between the HP group and all other treatment groups.
A similar pattern was observed at ci 21 of lactation,
wherein piglets from the 03 group had greater (6.09 kg;
P < 0.05) BW compared with those in the control (5.20
kg) and HP03 (5.69 kg) groups (Table 5).

Piglet BW gain from d 0 to 10 of lactation did not
differ among treatment groups. Piglet BW gain front d
10 to 21 of lactation tended (P < 0.09) to be greater
for the 03 group compared with both the control and
HP03 groups. Overall (ci 0 to 21 of lactation) piglet
BW gain was greater (P < 0.05) for the 03 group com-
pared with the control and HP03 groups, but no dif-
ferences were observed between the 03 and HP groups
(Table 5). Piglet BW gain for the HP group also did
not differ from those of the other treatment groups.
Litter weight at d 0 of lactation did not differ among
treatment groups. The 03 group had a greater (P
< 0.05) litter weight compared with the control and
HP03 groups at d 1 of lactation, but no difference was

noted between the 03 and HP groups. Litter weight of
the HP group also did not differ from those of the other
treatment groups. On d 21 of lactation, litter weight
was greater (P < 0.05) in the 03 group compared with
the control and HP03 groups. but no difference was
noted between the HP and 03 groups. Litter weight
gain both during ci 0 to 10 of lactation (P < 0.09) and
during ci 10 to 21 (P < 0.07) of lactation tended to be
greater for the 03 group compared with time control
and HP03 groups. Litter weight gain during d 0 to 21
of lactation was greater (P < 0.05) for the 03 (46.0 kg)
group compared with both the control (37.4 kg) and
HP03 (39.0 kg) groups, but, no difference was noted
between the 03 and lIP groups. Litter weight gain of
the HP group also did not differ from those of the other
treatment groups.

Lactation performance of sows during time second
parit y fed either the control or 03 diet is presented in
Table 6. The B\V and BF thickness of sows inu.necliatt'-
ly after farrowing, at d 10, and at ci 21 of lactation did
not differ among treatment groups. The ADFI among
treatment groups did not differ. Littom' mortality also
cud not differ among treatment groups.

Results showed differences in piglet. B\V between the
03 and control groups at cl 0 (after cross-fostering) of
the second lactation, with the 03 group (1.65 vs. 1.54
kg; P < 0.05) having greater BW compared with the

lb-
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Table 6. Lactation performance of second-parit y sows fed diets suppieniented with 11-3
fatty acids (031'A) or without 03FA

'l'rvat bent

	

Control	 03	 S EN I	 P-vaIi5'

11

Sow IM 7 loss, kg
Sow BF loss, aim
Sow ADFI. kg
Litter size after cross-fostering, ii
Litter mortality, 4
Piglet 8W, kg
0 d
10 d
21 d

Piglet BW gain. kg
o to 10 d
10 to 21 d
Overall

Litter wt. kg
0 d
111(1
21 d

Litter wt gain. kg
0 to 10 (I
10 to 21 d
Overall

5\Vitln,, a row. means lacking a Common superscript letter differ (P < 0.05)

'Lactation diets were fed ad libitum. Control = group fed a corn- and soybean meal-based control diet: 03
= group fed the control diet supplemented with 2% 03FA (Oromega. JI3S United, Sheridan. iN).
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0.1
	

0.26(1
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6.3
	

0.1
	

0.207
10.8
	

10.8
	

0.3
	

0.859
5.8
	

4.4
	

2.1
	

0.652

1.54
	

1.65'
	

0.02
	

(1.035
3.42
	

3.26
	

0.11
	

0.412
5.49
	

6,01
	

0.18
	

0(59

1.82
	

1.70
	

0.10
	

1)413
2.06a	 2.72'
	

0.12
	

0.1)02
3.89'	 0.17

	
0.059

17.02'
	

17.98"
	

0.40
	

0.049
35.08
	

33.92
	

1.11
	

0.595
56.31
	

62.30
	

1.93
	

0(79

17.60
	

16.13
	

1.01
	

0.594
21.25'
	

28.21"
	

1.30
38.83
	

4482
	

1.78
	

0.079

control group: therefore, piglet. BW at d 0 of lactation
was included as a covariate for analyzing piglet per-
formance data. Results showed no differences among
treatment, groups in piglet BW at ci 10. However, the
03 group tended to have greater (6.01 vs. 5.49 kg; P
< 0.06) 13\V compared with the control group at ci 21
of lactation. No differences in piglet BW gain from 1 0
to 10 of lactation were noted among treatment groups.
However, piglet BW gain from d 10 to 21 of lactation
was greater for the 03 group (2.72 vs. 2.06 kg; P <
0.01) compared with the control group. Overall (d 0 to
21 of lactation) piglet BW gain tended to be greater
(4.4 vs. 3.9 kg; P < 0.06) for the 03 group compared
with the control group.

Litter weight was greater for the 03 group (17.98 vs.
17.02 kg; P < 0.05) compared with the control group
at cl 0 of lactation: therefore, litter weight at d 0 of
lactation was included as a covariate for analyzing lit-
ter performance data. Results showed no differences in
litter weight among treatment groups at d 10 of lacta-
tion. However, on (1 21 of lactation, litter weight tended
to be greater (62.30 vs. 56.31 kg: P < 0.08) for the 03
group compared with the control group. Litter weight
gain froini ci 0 to 10 of lactation did not differ anlong
treatment groups. However. litter weight gain from ci
10 to 21 of lactation was greater (28.21 vs. 21.25 kg:
P < 0.01) for the 03 group compared with the control
group. Overall (ci 0 to 21 of lactation) litter weight gain
tended to be greater (44.82 vs. 38.83 kg; P < 0.08) for
the 03 group compared with the control group.

Milk Composition and Colostral IgG
Concentration

Milk fat, total solids, anti protein, content of both
colostruin (2 d) and mature milk (20 d) did not differ
among treatment groups (Table 7). Colostral (2 cl of
lactation) IgG concentrations were greater (P < 0.01)
in sows fed the 03 and HP03 diets conipared with
those fed the control and HP diets (Table 7).

Plasma Urea Concentrations

Initial plasma urea concentrations at 60 ci of gesta-
tion did riot differ among treatment groups (Table 7).
However, plasma urea concentrations were greater for
both the HP (4.1 ninol/L) and HP03 (4.4 nmol/L)
groups compared with the control (3.2 ]imol/L) and 03
(3.2 nmol/L) groups at ci 110 of gestation. Values be-
tween the control and 03 groups and between the HP
and HP03 groups clici not differ. The same pattern was
noted on cI 10 and 21 of lactation (Table 7).

Colostral and Milk Fatty Acid Composition

Results showed an increase (P < 0.01) in DHA and
EPA concentrations of both colostmumn and niature nuik
from sows fed diets supplemented with 03FA (03 and
HP03) compared with those without (Table 8). Ilowev-
or, ct-linolenic acid concentrations were less (P < 0.01)
in both colostrum and mature milk from sows fed diets
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Table 7. Colostral and milk composition, urea, and colostral lgG concentrations of

first-parity sows fed n-3 fatty acids (03FA) or high-protein diets. individually or in

conil )iIltlt iOu. (lining late gestation and throughout lactation	 -

1 rca tuicict'

Control	 03	 III'	 II l'03

6.6	 6.9	 7.0	 7.1

8.4	 8.7	 8.3	 8.1

22.2	 21)1)	 21.1	 20.4

19 9'	 2.1.1"	 18.6',

5.8
	

5.7	 5.8	 6.0

7.1
	

7.2	 7.0	 7.1

19:1
	

18.8	 18.1	 18.7

2.7
	

2.5	 2.5	 2.6

3. 2'
.1
	 1.8"

1.5

Colostrum (d 2 cif ha liii' a:)
Protein. V
Fat. V
lotal solids. V
h--G. nig/mL

ililk (d 17 of lactation)
Protein. V.
Fat. V.
Total solids. V

Plasma urea. inniol/ L
60 d of gestation
110 ci of gestation
10 d of lact at loll
21 ii of lactation

sE\l	 P-value

0.241	 0.57.4
0081	 0.300
0.735	 0.126
1.130	 <0.001

0.130	 0.279
0.170	 0.902
0.670	 0685

0.157	 0.712
0.074	 <0.001
0.092	 <1.1.001
1)1)79	 <(1.001

'Within it row. beaus lacking it commmi superscript letter differ (1' < 0.01

'Gestation diet-,were fed at 2 kg/d in 2 separate meals (0700 and 18())) 6) 1; a (  ii joll(hets weic provided ad

libitum Control =group fed a corn- and sovt,eaii ineal-hiaseil control hot: 03 group fed the coot i'ol diet
supplemented with 2V. 03FA (Gromuega .. lBS United, Sheri(an. IN): liP = group fed a high-protein diet:
I1P03 = grinip (NI the HP diet suppleniente(I with 2V 03FA (Crunmega,.JBS ITmnte(j).

supplemented with 03FA compared with those without
03FA suppletr wilt ation (Table 8). No differences ill u-6
fatty acids in both colostruin and mature milk were
noted among treatment groups (Table 8).

DISCUSSION

First-Parity Performance

Results front the present study showed that OVA
supplementation alone to first-parity sows during lacta-
tion improved piglet growth. but. 03FA supplemented
with high protein (FIP and 11P03) or without. high pro-
tein (control and 03) to pregnant. gilts did not affect

gestation performance. Although previous studies have
shown iirpi'oveuuieiit . S in litter size (\Vebeh et al.. 2003;
Spencer ci al.. 2004), these studies supplemented 03FA
at least. 30 d before breeding. whereas the current study
began supplementation oil d 60 of gestation. Because
litter size is deterinilied at a much earlier stage of ges-
tation and the majority of conceptus loss occurs dur-
ing the periimnphtuut nOon period (Pope, 1994), dietary
supplementation of 031 1'A beginning at ci 60 of gesta-
tion was not expected to increase litter size at, birth ill
thisstudy. Similar results have been obtained with mul-
tiparoussows when using fish oil supplemented during
siniilar gestation stages (Rooke et al.. 2001a0)), further
suggesting that 03FA supplementation during late ges-

Table 8. Colostral (2-d) and milk (20-d) fatty acid composition of first-parity SOWS fed n-3 fattv acids (03FA) or

a high-protein diet, individually or ill cornbiiiat.iou. during late gestation and throughout lactation

Trct omen)'

	

2 d of lactation	 20 il of lactation

Control	 03	 HP	 HP03	 SE\1	 P-vahic	 ('onn'oi	 03	 FIP	 11P03	 SlM	 T'.vahuc

II	 12	 1-1	 11	 12	 12	 II	 11	 12

11-6 fatt y acids
182u-6	 11.1)5	 15.77	 14.94	 15.62	 t).72	 0.772	 II.S8	 11.55	 11.7(1	 11.27	 0.38	 ((.671

20:411-6 + 220	 0.95	 0.99	 0.90	 0.99	 0.04	 0.403	 0.54	 ((.48	 0.56	 0.52	 0.02	 0L267

03FA
18:3n-3	 0.58"	 0.19"	 0.52"	 1). 121	 0.05	 <((.0(11	 0.29"	 0.09"	 1)55"	 (4.1)8"	 ((.05	 <0.001

20'5n-3	 0.03"	 0.15"	 0.05"	 ((.15"	 DM1	 <0001	 0.0.);,0.16"	 0.02"	 (1.14"	 (1.01	 <0001

22:611-3	 0.0S1	 0.30	 11.07"	 0.23"	 0.01	 <0.001	 (LOS"	 022"	 0.02"	 (LII)'	 0.01	 <0.001

"'Within a row. n,einls lackin g a	 lienunon superscript letter (1111cr (P < 0.0)11

G'estation cliet were fed a 2 kg/d; lactation diets were fed ad libituni. ('ont,roi = group fed a coi'ib- and soybean mmic,cI-hacil control cliii: 03

= grol I) 
fed the control diet supplemented with 0.2% 03FA (Groniega lBS Unite(l, Sheridan. IN): HP = group fed the high-protein diet: HP03

= group fed the HP diet supplemented with 0.221 03FA (Gromega.JBS United).

2 Values ,,mc' in percentage of total fatty acids: 18:2mi-6, linoleic acid: 20: In-6 1- 20:11. araclndonic acid (AmA) + behenic acid: 18:3113. o-lmnolemiie

aci,l (ALA): 20'5i,-3. eicosapeiitaenOic acid (EPA): 22:6um-3, clncosahe y ,ienoic acid (DHA).
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tation does not seem to affect litter birth size, regard-
less of parity. In the current study, pregnant, guts were
also fed high-protein diets (HP and HP03) from d 60 of
gestation, wherein protein concentration was increased
from 12.3 to 18,4% as suggested by Ji (2004). However.
the high-protein diets did not improve the gestation
performance of gilts, but rather increased plasma urea
concentrations, indicating that the concentrations of
protein used in these diets were in excess (Cooper et
al., 2001).

Results of the study showed improvements in the
growth of piglets from first-parity sows in the 03 group
compared with sows iii both the control and HP03
groups. Rooke et al. (2001a) reported that fish oil sup-
plementation during either late gestation or lactation
resulted in heavier piglets at all stages of lactation corn-
pared with sows fed the control diet throughout the
study. The authors suggested that the increase in growth
was due to improved piglet status (i.e.. brain fatty acid
composition; Rooke et al., 2001h) and vigor at birth
(Rooke et al., 2001a,b). Because 03FA are important
brain lipid components (Sastry, 1085; Muskiet et al.,
2004), it is likely that these fatty acids have significant
effects on brain development and function (Crawford,
2000), and thus behavior. Consistent with this notion,
previous reports have shown that 03FA supplenienta.-
tion improves learning behavior in pigs (Ng and Innis,
2003) as well as in rodents (Ikenioto et al., 2001), which
may involve both dopanune (Delion et. al., 1994; Zim-
mer et al., 2000) and serotonin metabolism (Owens and
Innis, 1998), both of which have been implicated in a
variety of neural functions, including feeding behavior
(McEntee and Crook, 1991). This may also explain in
part reports showing a decreased latency to suckle in
pigs (Rooke et al., 2001a) as well as in lambs (Capper
et al., 2006), which is vital because newborn piglets
have a low fat content, limited glycogen stores, and an
immature immune system (Boyd et al., 1978; Drew and
Owen, 1988). However, further investigation is required
to confirm positive behavioral responses of piglets to
maternal 03FA supplementation.

It was reported previously that dietary fat suppleinen -
tation may result in changes in milk fat content, thereby
increasing milk energy content (Pettigrew, 1981) and
possibly piglet growth rate. As expected, no differences
in fat content of both colostral (d-2) and mature (d-20)
milk from 03FA supplementation were noted iii the
present study when lipid contents were matched among
treatment diets, suggesting that the improvement in
growth may not, have been due to an increase in milk
energy content. Although lactose was not measured di-
rectly, total solids in both colostral and mature milk,
including protein content, did not differ among treat-
ments; therefore, lactose content would not be expect-
ed to vary. However, increases in docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) were noted
in both colostrum and mature milk from sows fed diets
supplemented with 03FA (03 and HP03) cotripared
with those fed diets without 03FA supplementation

(control and HP), which is consistent with previous re-
Ports in sows (Arbuckle and Innis, 1993; Taugbol et al.,
1993; Rooke et al., 1998) as well as in huinians (Harris
et al. 1984; Jensen et al., 2000). Although. (\-linolemnc
acid concentrations were greater in both colostrum and
mature milk from sows fed diets without. 03FA supple-
mnentation, its conversion to longer chain PUFA such
as DHA is not efficient (Muskiet et al.. 2004). These
results suggest that, compared with providing neonates
with n-hiuolenic acid. providing theni with preformed
long-chain PTJFA such as DHA and EPA is more effec-
tive iii improving neonatal growth.

The potential immunological effects of O3FA (Calder
et al.. 2002) in piglets through milk consumption may
play a. role in the noted improvement iii piglet growth,
possibly by repartitioning nutrients away froin the un-
mune system and toward growth (Korver and Klasing,
1997; Carroll et al., 2003). In addition, consistent with
previous reports in rodents (Prickett et al.. 1982). co-
lostral IgG concentration, which is positivel y correlated
with piglet IgG synthesis (Rooke and Bland, 2002). was
greater in sows fed lactating diets supplemented with
03FA compared with those fed the control and HP
diets.

It is riot clear why the growth response of piglets
from sows fed the HP03 diet did not perform as well as
those from sows fed the 03 diet. Reports have suggest-
ed that increased energy. but not protein, intake during
late gestation may have adverse effects on mamlimnary
gland growth in! guts (Weldon et. al., 1991), and there-
fore neonatal growth, because mamniarv gland growth
is directly associated with milk production. However,
this is unlikely the case in the present stud y because
all diets were formulated to he isoca.loric. Alternatively.
studies in rats have shown that the effect of protein on
insulin release by the neonate ma y involve the type of
fatty acid in the diet during gestation (Maloney et al.,
2007). In addition, Mann ci al. (1995) showed that the
maternal dietary protein content is capable of regu-
lating the lipid composition of fetal merribranes. and
therefore eicosanoicl release, which plays aniniportant
role iii both animal health and growth (Dunlop et al.,
1984; Calder et al., 2002). However, these results were
obtained by using low-protein maternal diets. Never-
theless, these results indicate that both PUFA and the
amount of protein in maternal diets during gestation
can interact to affect the development of the offspring
(Bouziane et al.. 1994; Maloney et al.. 2007). Although
the mechanisms are unclear, this interaction may have
resulted in reduced, but not adverse, growth in piglets
from sows fed the HP03 diet compared with the 03
diet..

Results from the present study showed no differences
in growth between piglets from sows fed (lietS contain-
ing an elevated protein concentration compared with
those from sows fed diets containing a. conventional
protein concentration, suggesting that the protein con-
centrations in the latter diets were sufficient and that
increases beyond this concentration were in excess of
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the amount required to support neonatal growth. These
results are supported by the increased plasma urea con-
celitrations (luring all stages of lactation. Tn addition,
no differences were rioted in milk protein composition
and BW and BF losses among treatments in the pres-
ent study, suggesting that the extra protein was not
used for either these purposes. It is worth mentioning
that milk production and piglet growth may not he
altered easily (Mahan, 1979: Greenhalgh ct al.. 1980),
especially at the protein concentrations used in the cur-
rent study (Jones and Stahly. 1999b). because sows are
capable of mobilizing tissue reserves to support normal
neonatal growth (Kim et al., 2001; Clowes et ad., 2005).
Studies have shown that the litter growth rate can he
sustained even when feed intake and protein intake are
restricted by as much as 50% (Pluske et al.. 1998). Fur-
timer, earlier reports (Jones and Stahly, 1999b) showed
that improvements in litter weight at weaning froni in-
creasing the lactation diet protein concentration were
observed when dietary protein was less than 17%, but
beyond this concentration, the protein concentration
did not result in further improvements. This is in agree-
ment with the results of the present study, wherein pro-
tein concentrations were near 18% for the diets not high
in protein. In contrast, Ji (2004) fed sows high-protein
diets containing AA ratios similar to those used in the
present study, which resulted in improved litter weight
gain. Further studies are required to deterirune possible
explanations for the differences observed between the
results of the current study and those of Ji (2004).

As previously indicated, no differences in BW. BF
thickness. and ADFI were observed in sows fed di-
ets supplemented with 03FA or with elevated protein
concentrations. either individually or in combination.
These results are consistent with previous reports in
which fish oil was used as an 03FA source (R.00ke et
al.. 2000. 2001a,b.c). Results from a study by Jones
and Stably (1999a) comparing 2 concentrations of
protein on lactation performance showed that sows fed
low-protein diets lost more BW on a daily basis coin-
pared with sows fed high-protein diets. However, in
that study a. very wide range of protein concentrations
was used (8.7 vs. 20.7%) as compared with the present
study, which used 17.9% CP for the control and 03
groups and 19.5% CP for the HP and 11P03 groups.
In contrast, ,Ji (2004) reported that feeding protein
concentrations similar to those used in the current
study during lactation resulted in less BW loss during
the 21-d lactation period. Further, that study, which
used AA ratios relative to L ys similar to those in the
present study, showed that the sows fed diets with
these ratios lost less BF compared with the control
group, regardless of the dietary protein concentration.
However, data fronri these results were averaged from
sows in their first, second, and third parities. When
only first-parity sows were assessed, no differences in
BW and BF loss, as well as ADFI, were noted among
treatments.

Second-Parity Performance

Results from the present stud y showed that supple-
mnenting second-parity sows with 03FA alone mimay in-
prove piglet birth weight. During lactation, supplemen-
tation of second-parity sows with 03FA alone improved
piglet growth. Previous research using the same 03FA
source as that used in the current stud y showed in-
creases in subsequent litter size (total piglets born and
piglets born alive) when sows were supplemented from
late gestation up to the rehreediiig period (Webel et
al., 2003, 2004). In contrast.. R.00ke et al. (2000) failed
to demonstrate any improvements in litter size at birth
from sows fed fish oil from post.hreeding up to farrow-
ing. Similar results were noted in the present study,
wherein 03FA supplementation was done from 60 d
of gestation ill) to weaning at. 21 d and was continued
again beginning at 60 cl of the following gestation pe-
riod for the subsequent parit y. These results suggest
that benefits from mm 0317A supplementation may he real-
ized when supplementation includes the period up to
rebreeding. possibly via increased early embryo survival
(Webel et al., 2004) as previously shown in lactatimig
cows (Mattos et al.. 2005; Ambrose et al.. 2006). Al-
though no increase ill subsequent litter size was noted
from the 03FA-suppleniented group. both subsequent
piglet birth weight based on either total piglets or pig-
lets born alive tended to he greater compared with the
control group. Previous reports suggest that increased
birth weight from 03FA supplementation maymay result
froni increased fetal growth (Olsen et. al.. 1990). pos-
sibly via an eicosanoid-induced increase in blood flow
(Rogers et al., 2004) or gestation length (Olsen et al.,
1986. 1992; Rooke et. al., 20011)). However, gestation
length (115 + 0.4 d), regardless of parity. did not re-
spond to 03FA supplementation in time current study.
R,00ke et at (20011)) reported decreased piglet birth
weights from multiparous sows fed diets supplemented
with fish oil beginning at 58 d of gestation. However,
sows were induced to farrow in that, stud y. thereby re-
sulting in decreased birth weights (Rooke et al.. 2001a).
Fatty acid composition of the 03FA source has also
been suggested as a factor in piglet birth weight. For
example, using salmon oil (Rooke ct al., 20011)) result-
ed in decreased bimtli weights, whereas 1.1511mg tuna oil
(R,00ke et. al., 1998, 2000) did mint, probably because
salmon oil contains a high EPA-to-DHA ratio (R,00ke
et al., 2001c). Eicosapcntaenoic acid is known to in-
hibit arachidonic acid s ynthesis (Rooke et al., 2001c;
McCowemm and Bist.rian. 2003), time status of which has
been correlated with birth weight (Carlson et al.. 1992.
1993). These results further suggest a need to determine
optimal ratios betveemi these fatty acid families. The
discrepancy between first-parity and subsequent parity
birth weights may have been due, at least in part, to
the growth pattern of sows dimming these 2 periods. It,
is generally known that first-parity guts are young and
therefore still growing (Averette et al., 1999); thus, sup-
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pleinentation of 03FA may have been used for growth
and not for pathways that may have brought about
possible improvements in birth weight. Consistent with
first-parity lactation performance, the growth of nurs-
ing piglets was also improved by maternal 03FA sup-
plementation during the second parity. Possible reasons
or improvements have been discussed earlier.

In summary, results indicated that 03FA alone dur-
ing lactation improved the growth of nursing piglets,
regardless of parit y. However. O3FA supplementation,
with or without elevated protein concentrations, (lid
not affect first-parity gestation performance, although
03FA alone might improve subsequent piglet birth
\,('i-',ht
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